group of animal treated with the LOX inhibitor, intimal hyperplasia was significantly inhibited. Conclusion: LOX were overexpressed in late stages of intimal hyperplasia in the allografts. LOX inhibitors prevented the development of the neointimal layer, such that their modulation could reduce the excessive extracellular matrix deposition that leads to stenosis.
that take place between the first 2 months and 2 years after a vascular surgery procedure.
In some cases, hyperplastic growth stabilizes and the luminal area of the vessel remains within a functional range. In other cases, the growth of this neolayer can lead to stenosis, restenosis and/or obstruction of the vessel lumen. Extracellular matrix deposition is the main factor involved in the growth of stenotic and restenotic lesions and lysyl oxidases (LOX) play a key role in stabilizing collagen and elastin.
LOX are enzymes that achieve the cross-linking of fibers during collagen and elastin synthesis by converting lysin and hydrolysin residues to aldehydes. LOX activity modulation induces different effects on the structure and main characteristics of the extracellular matrix. LOX are produced by smooth muscle cells and activated fibroblasts and have been thought to be involved in stabilizing the connective tissue of vessels and maintaining adult tissues. They also play a vital role in extracellular crosslinking and stabilization of collagen and elastin in response to injury in a great variety of tissues [3] . These enzymes are essential for maintaining the characteristics of blood vessels, and its modulated activity has been reported in aneurism and atherosclerosis [4, 5] . Its downregulation has been related to connective tissue disorders seen in Ehlers-Danlos syndrome, Menkes syndrome and cutis laxa [6] [7] [8] .
The present descriptive observational study was designed to evaluate the repair response to arterial allografts by analyzing LOX expression in the presence and absence of a LOX inhibitor and correlating this expression with elastin and collagen deposition. Seventeen female Lewis rats were used as donors and 34 female Fisher-344 rats as recipients to establish the study groups. In all the cases, 4-month-old rats were used. Graft segments were procured from both common iliac arteries of the donor animals. Nongrafted fresh (n = 5) arterial segments served as controls.
Materials and Methods

Experimental Animals
Fresh arterial segments (5 mm) were grafted to the right iliac artery of recipient animals by end-to-end anastomosis using 10/0 suture thread ( fig. 1 ). The animals were not treated with anticoagulants or immunosuppressive drugs pre-or postoperatively. The grafts were recovered at 14 (n = 7), 30 (n = 7) (short-term), 90 (n = 7) or 180 (n = 7) days (long-term) after surgery for morphological, morphometric and immunohistochemical analysis.
After grafting, one group of animals (n = 6) received injections of 3 ␤ -aminopropionitrile fumarate (BAPN), a potent irreversible LOX inhibitor (-LOX). The BAPN salt (Sigma-Aldrich, USA) was dissolved in 0.9% NaCl prior to injection. All 7 rats were given daily intraperitoneal injections of BAPN 182 mg kg -1 , equivalent to 100 mg BAPN free base, for 30 days.
Graft specimens for microscopic observation were obtained as follows. After anesthetizing the animal, the blood system was perfused first with saline to eliminate all the blood, and then with a a b
Color version available online Fig. 1 . a Isolating a segment of the right iliac artery into which the allograft will be implanted. b Fresh arterial segment (5 mm) grafted to the right iliac artery of a recipient animal by end-to-end anastomosis (arrows) using 10/0 suture thread. mixture (2: 1) of 3% glutaraldehyde:1% paraformaldehyde for 10-15 min to avoid tissue shrinkage. After perfusion, the grafted segment was extracted, preserving some of the recipient artery at both the distal and proximal ends. Specimens were fixed with 10% paraformaldehyde (for morphological analysis) or Bouin's fluid (for immunohistochemistry), embedded in paraffin and cut into 5-m serial sections using a rotating microtome Microm HM-325, and then deparaffinated and rehydrated.
Morphological Analysis
To examine the morphology of the arterial wall, sections for histology were stained using hematoxylin-eosin, Masson's trichrome (Goldner-Gabe variant) and orcein before observation under a light microscope (Zeiss Axiophot, Jena, Germany).
Morphometry of Intimal Hyperplasia and Tunica Media
The thickness of the neointima and medial layer was determined in histological sections of the grafts stained with hematoxylin-eosin, orcein or Masson's trichrome. Twenty digitalized histological images per animal were obtained using a digital camera fitted to the microscope (Axiocam HR, Zeiss) and analyzed using image analysis software Axiovision AC 4.1.
The thickness of the tunica intima was measured from the vessel lumen to the internal elastic lamina, while the thickness of the media was taken as the distance between the internal elastic lamina and the external elastic lamina ( fig. 2 b, d, f) . Statistical analysis was performed using a nonparametric test. Neointimal and medial thicknesses were compared among the study groups using the Mann-Whitney U test. The level of significance was set at p ! 0.05.
Immunohistochemical Analysis
Deparaffinated and hydrated sections were equilibrated in PBS buffer (pH 7.4). The antibodies used were rabbit polyclonal anti-tropoelastin (1: 500), rabbit monoclonal anti-LOXL1 (1: 200) and anti-LOX (1: 500) antibodies. The antigen-antibody reaction was detected by peroxidase-labeled avidin-biotin procedures. The chromogenic substrate contained diaminobenzidine. Nuclei were counterstained with Carazzi hematoxylin. After immunostaining, tissue sections were examined under a light microscope (Zeiss). Using a computerized Microm image analyzer, percentages of elastin, LOX and LOXL in the entire thickness of the arterial wall were measured in 5-m-thick cross-sections (20/study group). Percentages were compared among the study groups using the Mann-Whitney U test. The level of significance was set at p ! 0.05.
Collagen Content
Sirius red was used to localize and assess collagen types I and III in the arterial wall. This technique is based on the orientation and interaction between the sulfone groups of the dye and the amine groups of lysin and hydrolysin and guanidine groups of arginine in the collagen fibers, giving rise to different colors depending on the type of collagen. Collagen type I appears reddishorangey stained while type III collagen takes on a yellow-greenish shade. Using a computerized Microm image analyzer, percentages of collagens I and III were measured on 5-m-thick crosssections (20/study group). The Mann-Whitney U test was used to compare these percentages among the different study groups. The level of significance was set at p ! 0.05.
Results
Macroscopic Observations
No signs of infection or acute graft rejection were observed in any of the recipient animals during the postoperative period.
In the fresh allograft group, 2 animals (7%) died before the end of the study period (at 7 days and 2 months after implantation); however, it was not possible to establish the cause of death. Two of the grafts showed evident signs of thrombosis at 14 and 30 days after implantation. The patency rate was 93% for the fresh allografts.
Morphological Observations
A neointima of variable thickness could be seen to extend along the entire length of the graft ( fig. 2 a) , including the suture zones and host tissue at the extreme ends, already at 14 days after implantation. The medial layer preserved its structure and characteristic cell population although the elastic laminae lost their even appearance to show irregular margins, degraded zones and extensive fenestrations. One month after grafting, the neointimal layer had thickened ( fig. 2 b) . In some of these allografts, areas close to the anastomosis sites showed cell loss in the innermost third of the media. At 90 days, the neointimal layer had greatly increased its thickness by about two thirds with respect to 14 and 30 days. Thickening occurred at the expense of extracellular matrix synthesis more than cell proliferation.
The media of the fresh allografts showed evident signs of degeneration, with extensive cell loss along the entire graft length. One hundred and eighty-one days after surgery, neointimal thickening stabilized in the fresh allografts ( fig. 2 c, d ). The medial layer, which was considerably degraded and clearly diminished in thickness, was acellular and supported by the discontinuous elastic laminae ( fig. 2 d) .
In the group of animals treated with the LOX inhibitor for 30 days, we observed a thin neointimal layer compared to its appearance in the allografts not treated with the inhibitor. The selected study time was 30 days because at this time, intimal hyperplasia was consolidated in the nontreated group. In some areas, this thin neointimal layer was made up of 3 or 4 disorganized cell layers ( fig. 2 e,  f) . The structure and characteristic cell population of the medial layer were preserved. These observations indicate inhibition of intimal hyperplasia by the LOX inhibitor in the allografts, but no effects on the structure and characteristics of the preexisting extracellular matrix of the medial layer.
Morphometry of Intimal Hyperplasia and the Tunica Media
As early as 14 days after implantation, the arterial wall of the grafts was significantly thicker than in control specimens due to the presence of the neointima ( fig. 3 a) . Differences in thickness between the short-term (14/30 days) and long-term (90/180 days) groups achieved significance at both study times, when the neointima reached its greatest thickness in the fresh allografts at 90 and 180 days ( fig. 3 a) . This maximal hypertrophy started to decline at 6 months when the stenotic process became evident. In the group treated with the LOX inhibitor, neo- intimal thickness was similar to that observed in the control group. Significant differences emerged when comparing the treated group with the rest of the groups at 30, 90 and 180 days ( fig. 3 a) . The thickness of the media was statistically significantly reduced at all the study times with respect to the control iliac artery ( fig. 3 b) , even in the group treated with the LOX inhibitor. The involuted media showed its greatest reduction in thickness at 180 days, though the difference compared to the rest of the groups was not significant ( fig. 3 b) .
Immunohistochemical Analysis
Tropoelastin Tropoelastin (TE) expression was greatest at 14 days, and was observed throughout the thickness of the myointimal layer ( fig. 4 a) , thereafter decreasing at 30 days and increasing in the medial layer at 90 and 180 days ( fig. 4 b) . At 180 days, staining for TE was confined to the extracellular matrix and areas close to the elastic laminae of the medial layer, which had lost all its cells. Scarce staining was detected in the neointimal layer at 180 days. In the group treated with the LOX inhibitor, slight TE expression was confined to the intimal and adventitial layers ( fig. 4 c) .
Percent TE expression was significantly greater at 30 days than at 14 days ( table 1 ) .
LOX/LOXL1
The expression patterns shown by LOX/LOXL1 were similar in all the grafts. At 14 days, labeling was intense in the fresh allografts and confined to the neointima, uppermost zones of the media and a few cells of the adventitia ( fig. 4 d, g ).
At 30 days, cells scoring positive for LOX/LOXL1 in the grafts were observed in the neointima, media and adventitia. At 90 days, labeling persisted throughout the full thickness of the neointima and adventitia but was considerably reduced in the medial layer ( fig. 4 e) . This loss was concurrent with the disappearance of the cell component. At 180 days, labeling for LOX was also detected throughout the neointima, though LOXL expression was mainly detected in the endothelium, and surface and deep zones of the adventitia ( fig. 4 h) . In the group treated with the LOX inhibitor, LOX/LOXL expression was discrete in the intima and restricted to small areas of the media ( fig. 4 f, i) .
LOX and LOXL expression in the tissue sections differed significantly between the control artery and the short-term grafts (14/30 days, including the treated 
Collagen Content
In control arterial segments, collagen was mainly of type I and, as expected, confined to the adventitial layer. Fourteen days after implantation, the grafts showed the two forms of collagen ( fig. 4 j) , observed as a reddening in the color of the neointima over time. At 30 days, the neointima showed a greater amount of collagen III, which subsequently diminished at the expense of increasing collagen I, such that at 180 days, most collagen was type I ( fig. 4 k) . In the animals treated with the LOX inhibitor, collagen was mainly of type I and appeared in the medial and adventitia layers. The thin intimal layer showed scarce collagen expression ( fig. 4 l) .
Collagen I expression in the graft walls was significantly greater at 180 days after implantation compared with the rest of the groups and at 90 days with respect to control arteries/30 days + LOX inhibitor ( table 1 ) . On the contrary, collagen III underwent a significant drop in the long-term (180 days) grafts relative to the short-term ones (14/30 days) ( table 1 ).
Discussion
The extracellular matrix is a complex dynamic environment with both cell and fibrillar components that is able to accommodate changes in volume or density; it also stores and releases signaling molecules, such as growth factors and/or cytokines. The extracellular matrix has its own mechanisms for the regulation, renewal and repair of blood vessels after injury, including the development of intimal hyperplasia [9, 10] .
Intimal hyperplasia starts off as a layer that emerges from beneath the endothelium. The thickness of this layer increases from the initial moments of grafting and in our study, its thickness stabilized at 3 months after implantation. This layer, which arises as a consequence of the aggression suffered by the wall, forms part of the wound repair process that follows any injury and is attributed to the arterial complications that occur between the first 2 months and 2 years of vascular surgery.
In our model of fresh allografts, we observed that the graft develops a neointima of variable thickness as early as 14 days after surgery. This neointima increased in thickness until 90/180 days after implantation, when cell loss and the consequent degradation of the medial layer Immunohistochemical staining for tropoelastin in arterial allograft walls 14 days after implantation ( a ), 90 days after implantation ( b ), and 30 days after implantation + LOX inhibitor ( c ). ! 630. Immunohistochemical staining for LOX in arterial allograft walls 14 days after implantation ( d ), 90 days after implantation ( e ), and 30 days after implantation + LOX inhibitor ( f ). ! 630. Immunohistochemical staining for LOXL in arterial allograft walls 14 days after implantation ( g ) 180 days after implantation ( h ), and 30 days after implantation + LOX inhibitor ( i ). ! 630. Sirius red staining for collagen III (yellow) and collagen I (red) in arterial allograft walls 14 days after implantation ( j ), 180 days after implantation ( k ), and 30 days after implantation + LOX inhibitor ( l ). ! 630. L = Arterial lumen; NI = neointima; M = media; A = adventitia. took place. This last process cannot be ascribed to the immune response since it has been reported to similarly occur in a syngeneic transplant model [11] . It is likely that the grafting process induces cell or perhaps molecular changes in the extracellular matrix that impair the onset of the proliferative and migratory response. We differ from authors who attribute intimal hyperplasia and other vessel wall alterations not observed in isogenic grafts, such as medial cell loss, to the host immune response [12, 13] . In syngeneic and allogeneic grafts conducted by our group using the same model, we have always observed a similar behavior. Thus, sooner or later after surgery, the grafted arterial segments are transformed into elastic tubes that preserve their function due to the neointimal layer.
As key enzymes stabilizing collagen and elastin, LOX will be directly involved in the extracellular matrix deposition that occurs when a neointima develops. In effect, we observed increased expression of these enzymes during the whole growth process of the neointima as well as in later stages, suggesting they could be an important factor for the appearance of stenotic lesions. If the activity of these enzymes could be controlled in some way, the development of this type of lesion could perhaps be modulated. LOX enzyme inhibitors such as BAPN have been reported to modulate vessel lumen narrowing in a rabbit balloon angioplasty model [14] . Other authors using LOX inhibitors have reported, in a model of Brown Norway rats, decreased carotid wall rupture, decreased aortic insoluble elastin and increased defects in the internal elastic lamina of different arteries [15] .
In our model, treatment with inhibitors of LOX activity for 30 days prevented the development of intimal hyperplasia after the implantation of a vascular substitute. In this model, LOX and LOXL expression increases as intimal hyperplasia progresses from 14 to 90/180 days, when the neointimal layer was at its highest thickness and collagen I expression.
No previous study has examined LOX expression after the implantation of an arterial allograft. In effect, only a few investigations have explored the expression of LOX in models of vascular injury. In an experimental model of balloon catheter-induced vascular damage, 3 days after surgery, Nuthakki et al. [16] observed increased LOX expression that persisted until 21 days after surgery and returned to normal levels at 28 days, when the greatest increases in intimal thickness and collagen accumulation were observed. Nikkari et al. [17] observed significantly elevated expression of versican, biglycan, collagen, and elastin mRNA 1-2 weeks after balloon catheter injury in the rat carotid artery. In addition, a role of LOX in cardiovascular function has been indicated by a high incidence of aortic aneurysms, aortic tortuosity, and signs of aortic rupture in LOX-/-knockout mice [3] .
We observed enhanced expression of type I collagen at 30 days after implantation, which rose with time both in the adventitia and neointima. A further observation was intense labeling in the neointima at the 180-day time point. This finding indicates that during intimal growth, collagen I synthesis takes place, involving the inevitable actions of LOX in collagen cross-linking as reflected by their immunohistochemical localization. Similar results have been reported by Nili et al. and Strauss et al. [18, 19] in balloon catheter-induced injury models, in which, through biochemical techniques, a significant increase in the amounts of both collagen and elastin was detected 7-60 days after surgical insult to the rat carotid artery. This demonstrates that extracellular matrix formation is essential for the development of restenotic lesions and suggests that approaches designed to promote or expedite either the decreased synthesis or increased turnover of these extracellular matrix components could affect restenosis independently of cell proliferation. Other authors [17, 20] have noted elevated TE, type I collagen and proteoglycan mRNA levels as early as 1 week after injury, with gene expression persisting until 2-3 weeks after injury. In a pig model of interposition grafting of saphenous vein into carotid artery [21] , the authors described steady thickening of the tunica intima and media from 2 to 168 days after surgery and increased production of matrix metalloproteinases (MMP)-2 and -9, two basement membrane-degrading enzymes, during neointima formation. These authors proposed MMPs as new therapeutic targets for preventing late graft failure.
In summary, the most significant findings of our study were the overexpression of LOX during late stages of intimal hyperplasia and its prevention using a LOX inhibitor. Modulation of LOX activity could thus be a feasible option for avoiding excessive extracellular matrix deposition and consequent stenosis in small-caliber vessels.
